Solid materials, such as silicon, glass, and polymers, dominate as structural elements in microsystems including microfluidics. Porous elements have been limited to membranes sandwiched between microchannel layers or polymer monoliths. This paper reports the use of micropatterned carbon-nanotube forests confined inside microfluidic channels for mechanically and/or chemically capturing particles ranging over three orders of magnitude in size. Nanoparticles below the internanotube spacing (80 nm) of the forest can penetrate inside the forest and interact with the large surface area created by individual nanotubes. For larger particles (>80 nm), the ultrahigh porosity of the nanotube elements reduces the fluid boundary layer and enhances particle-structure interactions on the outer surface of the patterned nanoporous elements. Specific biomolecular recognition is demonstrated using cells (≈10 µm), bacteria (≈1 µm), and viral-sized particles (≈40 nm) using both effects. This technology can provide unprecedented control of bioseparation processes to access bioparticles of interest, opening new pathways for both research and point-of-care diagnostics.
Introduction
Most clinical diagnostics and basic research studies aimed at understanding the causes underlying disease require isolation of specific biomolecules or cells from complex samples such as blood, saliva, and cell-culture supernatant. Unfortunately, many bioparticles of interest are present in the samples in very small quantities. This is the case, for example, of antigen-specific T-cells, circulating tumor cells (CTCs), and HIV viral particles for monitoring immune response, cancer, and AIDS progression, respectively. As miniaturized detection methods are becoming increasingly sensitive, capable of single-cell [1, 2] and even single-virus detection, [3, 4] efficient capture of specific bioparticles is now the rate-limiting step to achieving complete lab-on-a-chip assays for particle identification. There is huge diversity in current microfluidic methods for bioparticle isolation. [5] [6] [7] Whereas some commonly used techniques differentiate particles based on their physical characteristics alone, [8] [9] [10] [11] [12] higher specificity is often achieved by methods that make use of surface chemistry and biomolecular recognition to target the particle of interest. These include solidphase techniques, such as affinity chromatography, [13, 14] and solution-phase techniques, such as immunomagnetic beads [15] and on-chip flow cytometry. [16] Although solid-phase techniques generally offer higher detection sensitivity and more flexibility for further interrogation, a significant challenge is to achieve sufficient physical interaction between the bioparticles and surfaces to promote binding. [17, 18] Difficulties arise from the formation of boundary layers at solid-fluid interfaces and the low diffusivity for all but the smallest (<10 nm) particles, so that even microscale systems become diffusion limited and particles in solution are prevented from contacting the solid surfaces, thus resulting in poor isolation yields.
In this Full Paper, we show that particle-surface interactions can be greatly enhanced by triggering changes in the boundary layer as well as increasing the particle-solid-surface interaction area. Specifically, we describe the use of patterned, aligned, and chemically functionalized carbon nanotube (CNT) forests fully integrated into microfluidic devices for the isolation of bio-particles with sizes spanning over several orders of magnitude. While previous efforts on combining CNTs with microfluidics have focused on making use of the electrical properties of disorganized CNTs for sensing applications, [19] [20] [21] [22] we take advantage of the physical characteristics, such as high nanoscale porosity and surface area, and surface functionalizability of organized nanoporous CNT-forest elements for bioseparation. Our CNT forests are grown with a Fe/Al 2 O 3 catalyst using atmospheric-pressure thermal chemical vapor deposition (CVD) and have been previously characterized as multiwalled CNTs with an average diameter of 8 nm (5-8 walls). [23] The CNTs can be grown as an aligned forest morphology, sometimes referred to as vertically-aligned CNTs (VACNTs) up to several millimeters in height, and with an average spacing of 80 nm, which results in an overall forest porosity of 99% (1 v/v% CNTs). The forest modulus along the CNT axis has been previously characterized to have an elastic modulus of ≈2 MPa. [25] The CNT-forest structures are patterned on silicon by using photolithography to control the area of catalyst coverage on the wafer, [24] thereby creating nanoporous bulk elements that are introduced into the microfluidic-channel flow field. Until now, the inclusion of porous elements in microfluidics has been limited to membranes sandwiched between microchannel layers [26] or polymer monoliths that fill the inside of channels. [27] With membranes, geometrical control of the porous region is restricted to two dimensions, defined by the overlap between channels on either side of the membrane. Their applications are mostly in size-exclusion filtration and dialysis. [26, 28, 29] For polymer monoliths, examples have been limited to simple porous plugs in the channel that are commonly utilized for chromatography and solid-phase extraction applications. [30, 31] A fundamental limitation to both of these techniques is the lack of geometrical control other than that provided by the nonporous channel walls. This has limited their application to simple size-based separation and does not enable them to take full advantage of the exquisite control of fluid dynamics possible within microfluidics. In contrast, the nanoporous CNT elements allow for three-dimensional geometrical control of the porous elements independently from the channel boundaries: photolithography of the catalyst layer allows definition of the microscale geometry, and varying the time of growth can finely control the forest height. With these added levels of control and flexibility, this approach transforms the capabilities of porous elements in microfluidics to enable manipulation of fluid flow, particle flow, and molecular diffusion in ways that have not been previously feasible, opening up new capabilities and applications. Figure 1a highlights the porosity of a circular post-shaped element made from a nanoporous CNT forest in comparison to a nonporous (solid) post made from polydimethylsiloxane (PDMS). To test the nanoporous structures under fluid flow, we sealed microfabricated PDMS channels to the silicon surface around the CNTs using oxygen-plasma bonding. Channels are made several micrometers shorter than the height of the as-grown CNT elements so that the ceiling of the channel slightly compresses the top of the CNT elements to produce an interference-fit seal. The surfaces of CNTs, which are hydrophobic, can be made hydrophilic by the addition of Tween-20 (wet functionalization) to facilitate infiltration of fluid inside the nanostructures. Fluid was injected by pressure-driven flow using a syringe pump. We do not observe any deformation of the CNT features upon wetting or under fluid flow in the regimes studied. Figure 1b Figure 1d follows the path of a single QD as it travels through a nanoporous post (shown with yellow arrows) and compares it with another QD (indicated by dashed red arrows) that passes around the outside of the same post. Due to increased fluid resistance inside the nanoporous structure, the QDs are observed to travel inside the CNT post at a significantly reduced velocity, only 8% of its counterpart traveling outside the post. These experiments clearly demonstrate the ability of aligned CNT structures to allow pressure-driven flow of both molecular and particulate species inside the nanoporous elements.
Results and Discussion
A straight forward yet powerful application that takes advantage of the high porosity and ease of patterning of the nanoporous CNT structures is mechanical filtration. In Figure 2 , we demonstrate filtration and concentration by micropatterning a Y-shaped nanoporous filter. The filter sidewalls are made from 100-µm-wide CNT forests. It narrows from a 3-mm-wide section to a 100-x000B5;m-wide section. A schematic of the filter-chip design is shown in Figure 2a and a scanning electron microscopy (SEM) image of the CNT structure is shown in Figure 2b . In this configuration, large particles (10-µm fluorescent-green beads), which cannot pass through the 80-nm spaces between CNTs in the nanoporous forest, are guided by the barrier into the narrow neck of the Y-filter (Figure 2d ,e), whereas fluid and particles smaller than 80 nm efficiently pass through the barrier, such as, for example, the ≈10-nm red bovine serum albumin (BSA) molecules in Figure 2c , resulting in an 11-fold concentration of the larger particles in the sample (inlet and outlet circles, Figure 2a ). Higher-concentration factors could be achieved by adjusting the ratio of the nanoporouspassage width to the overall PDMS-channel width by cascading several filters or altering the nanoporosity (e.g.,via the average spacing of CNTs) in the elements.
We expected that fluid flow through a porous structure could alter the flow characteristics of the fluid path in the vicinity of the structure and change the boundary-layer behavior. We investigated this phenomenon by flowing suspensions of 10-µm-diameter beads through a microchannel containing a 500-µm-diameter nanoporous-post element and tracking the beads' flow trajectories. In Figure 3a (left panel), we show superimposed particle tracks from multiple beads flowing around the nanoporous post. For comparison, flow trajectories around a 500-µm solid PDMS post are also shown (Figure 3a, right panel) . We observed that the tracks around the nanoporous post are concentrated in an area that is closer to the post surface than the tracks around the solid post. A comparison of several snapshots of two single particles approaching each type of post from the same starting position demonstrates that some particle trajectories can only be captured with the nanoporous post (Figure 3b) . Analysis of the trajectories of multiple beads shows that, when solid posts are used, only particles approaching at <2.5 µm away from the center line contact the post, whereas nanoporous posts ensure 100% interception of bioparticles approaching from as far as 17 µm away from the post center line, as shown in Figure 3c and Figure S2 of the Supporting Information (SI). Interactions between particles and microstructure surfaces can therefore be enhanced sevenfold. This improvement is achieved through the ability of porous surfaces to modulate boundary-layer flow dynamics (and therefore streamlines) by allowing fluid transport through the nanoporous element. For solid features, an area of stagnation occurs at the solid-fluid interface due to a zero-slip condition at the boundary. This boundary-layer effect results in streamlines developing away from the solid surfaces, such that only the fluid streamlines aligned with the center of a circular solid post will bring particles to interact with the post feature. However, with porous features, some streamlines pass through the outer boundary of the element/feature, hence reducing the overall boundary-layer thickness by avoiding flow stagnation. A greater percentage of particles traveling along streamlines in the bulk flow will therefore reach the outer surface of a porous feature than for a solid feature of identical element geometry. We expect that this beneficial effect of porous elements holds both at low (studied here) and high (future work) Reynolds flow regimes, hence making nanoporous elements attractive for a variety of microfluidic applications.
To demonstrate the capability of nanoporous structures to separate bioparticles, we integrated nanoporous elements into microfludic channels to capture bioparticles ranging over three orders of magnitude in size. We designed both a 500-µm-diameter post element to capture CD4+ T-cells (≈10 µm) and an array of circular posts to capture Escherichia coli bacteria (≈1 µm) (Figure 4a,b) . Posts were then wet functionalized with anti-CD4 and anti-E. coli antibodies, respectively. [32] Capture data from four different devices in each case is shown in Figure S4 of the SI and the accompanying discussion. For the single-post geometry, as in Figure 4a , we observed a 5.5-fold enhancement of capture on the nanoporous posts compared to the solid posts, with a standard deviation of 12.7% in capture across 4 devices. For the post-array geometry, as in Figure 4b , we observed a 6.3-fold enhancement of capture on the nanoporous posts compared to the solid posts, with a standard deviation of 15.9% in capture across 4 devices. Nonspecific binding was low in all cases (insets of Figure 4a,b) . These experiments confirm our expectation that the changes in the boundary layer described above (Figure 3 ) would enhance interactions between bioparticles and post surfaces, ultimately resulting in increased particle-capture efficiency.
Finally, we combined the mechanical-filtration capabilities of the CNT posts with surface chemistry to design a device that can efficiently capture virus-sized particles. Using 40-nm fluorescent beads with an avidin-coated surface, we show that virus-size particles can be captured inside a nanoporous filter containing biotin-functionalized aligned CNTs ( Figure  4c ). The filter mechanically excludes 1-µm-size particles, which are larger than the 80-nm spacing between individual nanotubes in the forest, while chemically trapping the 40-nm beads, which can flow through the nanoporous structure. Since there are ≈10 8 individual CNTs per mm 2 of forest, a 400× increase in surface area inside a 100-µm-height channel is achieved and particles traveling through the forest will encounter a high degree of contact with the functionalized CNT sidewalls.
Thus, the nanoporous elements enhance surface interactions for particle capture via two mechanisms: the first is through boundary-layer modulation and benefits particles larger than the inter-CNT spacing (Figure 3 and Figure 4a,b) ; the second is through the high internal surface area of the CNT forests and benefits particles smaller than the inter-CNT spacing (Figure 4c) . As a consequence, a single device can be optimized to simultaneously separate particles of different size orders.
Conclusion
In this work, we have shown several device concepts that combine nanoporous CNT elements within microfluidics and have demonstrated their ability to both mechanically and chemically manipulate bioparticles of varying sizes. In contrast to previously described microfluidic platforms for particle isolation, which are highly tailored to perform optimally for particles of a single size, [33] [34] [35] our porous elements provide a more universal platform, capable of high-efficiency separation of bioparticles across multiple size scales, ranging from viruses to bacteria and cells. Furthermore, the fabrication process is simple with a fast turnaround for prototyping. In addition to optimal design of the microstuctured nanoporous elements via simple patterning, there is potential for additional versatility and utility by altering the spacing between individual nanotubes, that is, changing the degree of nanoporosity, such as by modulating CNT-growth conditions. [36, 37] This would allow different size particles to penetrate into the nanoporous structure, as well as change the fluidic resistance for liquid passing through the structures and therefore their surrounding flow field. Another important direction for future work would be to integrate bioseparation with sensing, taking advantage of the body of work already performed on CNT-based miniature biosensors that focuses on using nonmechanical aspects of the CNTs. [38, 39] We envisage the ability to create new families of devices using this technique for a very broad range of applications, including lab-on-a-chip devices for blood analysis to monitor patients at the point-of-care, ultrarapid cell sorters to detect rare cells in circulation for diagnostics (e.g., cancer, prenatal, infections), high-throughput filters for pathogen depletion, and isolation of bacteria and viruses for diagnosing infectious diseases.
Experimental Section CNT Patterning and Growth
Figure S1 of the SI shows a schematic version of the fabrication process used in this work. Plain <100> 6-inch silicon wafers (p-type, 1-10 Ω cm, Silicon Quest International), which have been cleaned using a standard "piranha" (3:1 H 2 SO 4 :H 2 O 2 ) solution, are patterned by photolithography using a 1.25-µm layer of image-reversal photoresist (AZ-5214E, Figure  S1a) . A catalyst film of 0.1-nm Fe/Al 2 O 3 is then deposited by electron-beam evaporation in a single pump-down cycle using a Temescal VES-2550 with a FDC-8000 film-deposition controller. Film thickness is monitored during deposition using a quartz crystal monitor. Catalyst areas for patterning are removed by photoresist lift-off, soaking the wafer in acetone for 10 min with mild sonication (Figure S1b ).
CNT growth is performed in a 4-inch inner diameter quartz-tube CVD furnace (G. Finkenbeiner, Inc.) at atmospheric pressure using reactant gases of C 2 H 4 , H 2 , and He (Airgas, 400/1040/1900 sccm). Catalyst annealing is carried out in a reducing He/H 2 environment at 650 °C, leading to the formation of catalyst nanoparticles ≈10 nm in diameter ( Figure S1c) . C 2 H 4 is then introduced into the furnace to initiate CNT growth, occurring at a rate of approximately 100 µm min −1 until the flow of C 2 H 4 is terminated ( Figure S1d ). The nanotubes grown using this method are multiwalled (2-3 concentric walls) with a diameter of ≈8 nm. The CNTs are spaced by approximately 80 nm and their morphology is characterized by very good vertical alignment.
Microfluidic Channel Fabrication and Bonding
Microfluidic channels were generated using standard soft lithography. [40] SU-8 photoresist (Microchem) was patterned on a silicon wafer by photolithography to form a negative mold. A 10:1 mixture of PDMS prepolymer and curing agent (Sylgard 184, Dow Corning) was poured onto the mold and baked at 75 °C until cured. The PDMS channels were then bonded to the silicon wafers containing the CNT structures after oxygen-plasma treatment. Channels are made several micrometers shorter than the height of the CNT structures so that the ceiling of the channel slightly compresses the top of the CNTs to produce a seal. For the 'solid' devices used as controls, PDMS channels with cylindrical posts were fabricated using soft lithography and bonded to 1-inch × 3-inch glass microscope slides after oxygen-plasma treatment.
Fluorescent-Dye and Quantum-Dot Infiltration
The devices used for the fluorescent-dye and quantum-dot infiltration experiments in Figure  1b and c were single posts 200 µm in diameter and 100 µm in height, sealed inside a 3-mm × 20-mm × 100-µm PDMS channel. 0.5% Tween-20 in deionized (DI) water was used to treat the devices after fabrication to make the surfaces hydrophilic and to block nonspecific binding. Rhodamine B (Sigma Aldrich) was injected into the channel using a syringe pump (Harvard Apparatus) set to a flow rate of 5 uL min −1 . Imaging was performed using a confocal microscope (Zeiss) and intensity plots shown in Figure S2 of the SI were made using ImageJ software.
Y-Filter Experiments
Y-filter devices were blocked against nonspecific binding with 0.5% Tween-20 in DI water. 10-µm green fluorescent polymer beads (Duke Scientific) were injected at 10 µL min −1 using a syringe pump. Flow from both outlets were collected with tubing and imaged under a fluorescent microscope.
Particle Tracing
Devices used for particle-tracing experiments in Figure 2 were single posts 500 µm in diameter and 100 µm in height, sealed inside a 3-mm × 20-mm × 100-µm PDMS channel. 0.5% Tween-20 in DI water was used to block nonspecific binding. Particles used were 10-µm-diameter green fluorescent polymer particles (Duke Scientific) suspended in water with 0.1% Tween-20. Flow injection was via a syringe pump set to 20 µL min −1 . Video images were recorded using NIS elements software. Particle paths were traced using the manual tracking plug-in in ImageJ.
CNT-Device Functionalization
We used the noncovalent functionalization method by Chen et al. [32] using 1,1-carbonyldiimidazole (CDI)-activated Tween. Tween-20 was reacted with CDI (Sigma Aldrich) under dimethyl sulfoxide (DMSO) for 2 h at 40 °C then dried using a Rotovap. Devices were treated with 1% CDI-activated Tween for 30 min then flushed with DI water. For the biotin-functionalized devices in Figure 4c , 50 µg mL −1 biotin (Pierce) in PBS was then injected and incubated at room temperature for 1 h before use. For the antibodyfunctionalized devices in Figure 4a and b, 50 µg mL −1 NeutrAvidin (Thermo Scientific) in phosphate buffered saline (PBS) was injected and incubated at room temperature for 30 min, followed by 30 ug mL −1 of biotinylated antibody in PBS for 30 min. The devices were then washed and blocked for nonspecific binding with 1% BSA in PBS.
PDMS-Device Functionalization
For the PDMS solid-structure comparison experiments in Figure 3b and c, the all-PDMS devices were functionalized using previously described methods. [41] Freshly bonded devices were pretreated with a 4 v/v% solution of 3-mercaptopropyltrimethoxysilane in ethanol for 30 min at room temperature, followed with incubation with 0.01 µmol mL −1 4-maleimidobutyric acid N-hydroxysuccinimide ester (GMBS in ethanol for 15 min at room temperature. NeutrAvidin and biotinylated antibodies was then added in the same way as for the CNT devices.
Bioparticle Capture
The geometries of the three devices used are as annotated in Figure 4 . Particles used in Figure 4c were 40-nm strepavidin-coated red fluorescent beads (Invitrogen), and 1-µm uncoated green fluorescent beads (Duke Scientific) suspended in DI water. The experiments in Figure 4b used fluorescently labeled S. pneumoniae bacteria, and devices were coated with anti-S. pneumoniae antibody (rabbit polyclonal, Abcam). In the cell-capture experiment shown in Figure 4a , human leukocytes were obtained from healthy volunteer blood and devices were coated with anti-CD4 antibody (clone 13B8.2 Beckman Coulter). All control devices were treated with 0.5% Tween-20. All flow rates were set at 10 µL min −1 .
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